The porcine circovirus type 2 (PCV2) is a swine infectious viral pathogen of great significance in global swine herds. It was recently detected at another Province of South Africa sequel to the first detection of North American-like strain (PCV2a) at 
generally called porcine circovirus associated diseases (PCVAD) (Chae, 2005) . PCV2, alongside the avirulent porcine circovirus type 1 (PCV1), belongs to the family Circoviridae and genus Circovirus with a circular, single-stranded and ambisense genome of about 1767-1768 base pair (bp) long; having two main open reading frames, ORFs 1 and 2, which code for non-structural replicase and structural capsid proteins respectively (Mankertz, Mankertz, Wolf, & Buhk, 1998; Nawagitgul et al., 2000) . Presently, another novel porcine circovirus pathogenic strain has been found circulating in North America and Asia in the cases of reproductive failure and porcine dermatitis and nephropathy syndrome (PDNS) with a genome size of about 2000 bp, and has been designated porcine circovirus type 3 (PCV3) (Fan et al., 2017; Palinski et al., 2017) .
PCV2 is the smallest known DNA virus of animals, which is expected to have a highly conserved genome. However, the rate of nucleotide substitutions in the viral genome per site and year is noted to be the highest of its kind for a typical single-stranded DNA (ssDNA) virus (Xiao, Halbur, & Opriessnig, 2015) . It has been estimated to be in order of 1.2 × 10 −3
, thus making PCV2 to have an evolutionary dynamics that is much closer to single-stranded RNA (ssRNA) viruses rather than ssDNA viruses (Firth, Charleston, Duffy, Shapiro, & Holmes, 2009 ). Strains of PCV2 have therefore displayed substantial genetic variations. They were initially subdivided into three phylogenetic groups or genotypes using the capsid gene or the whole PCV2 genome as target sequences based on the proportion of nucleotide sites where two compared sequences differ, using the p-distance cut-off value of 0.035 and 0.020 for the capsid gene and whole genome sequences respectively (Segalés et al., 2008) .
The three major initial genotypes include PCV2a, b and c, with PCV2a having five clusters (2A-E) and PCV2b having three clusters (1A-C) (Olvera, Cortey, & Segalés, 2007) . Subsequently, two new PCV2 genotypes namely: PCV2d and PCV2e have been detected and recognized in swine (Franzo Cortey, Olvera et al., 2015; Harmon et al., 2015) , with PCV2d presently spreading rapidly in global swine (Xiao et al., 2015) . Presently, according to Xiao et al. (2015) , the PCV2d genotype now consists of PCV2 strains that were previously grouped as PCV2b subtype 1C and those that were designated as mutant PCV2b (mPCV2b), obtained from pigs with clinical manifestations of PCVAD in cases of suspected vaccine failure (Guo et al., 2012; Opriessnig, Xiao, Gerber, & Halbur, 2013) . Furthermore, the identification of different signature motifs in the ORF2 genomes of PCV2 strains has also helped extensively in the genetic characterization of the viral strains. The PCV2a are generally known to have signature motif 1 of 5′-ACCAACAAAATCTC-TATA-3′ that corresponds to amino acid sequence 'TNKISI' while PCV2b strains have 5′-TCAAACCCCCGCTCTGTG-3′ signifying 'SNPRSV' amino acid sequence in their capsid protein (Cheung et al., 2007) . In the case of PCV2d strains, the motif 1 consists of 5′-TCAAACCCCCTCACTGTG-3′ with corresponding 'SNPLTV' amino acid sequence; however, the motif has also been found in PCV2c strains capsid genes (Xiao et al., 2015) . A recent taxonomical classification effort by Franzo Cortey, Olvera et al. (2015) , based on identification of marker nucleotide positions in the capsid gene among the viral strains has, however, provided means of differentiating between PCV2c and PCV2d strains. Apart from the four presently recognized phylogenetic groups of PCV2, four major intermediate (IM) clades (IM1-IM4) have also been identified through phylogenetic analysis of available global strains (Xiao et al., 2015) .
Prior to 2003, PCV2a was the predominant genotype in global swine herds. However, this has changed since then as there has been an unprecedented drastic spread of PCV2b in global swine, thereby making it the most widespread genotype present with an observable severe increase in outbreak of associated diseases (Beach & Meng, 2012) . The third genotype, PCV2c, has not been of serious economic importance as it was initially found only in Danish archived swine samples obtained from healthy herds and has been found recently in samples from wild pigs in Brazil (Dupont, Nielsen, Baekbo, & Larsen, 2008; .
Similarly, there has been a recent noticeable world-wide spread of the fourth genotype (PCV2d) in swine herds of many countries, an event which is being currently termed as another genotype shift from PCV2b to PCV2d globally (Xiao et al., 2015) .
Although pig production in South Africa is relatively small compared to other countries of the world, the country is one of highest producer in Africa. The country presently has pig population of over 1.5 million being produced by over 400 farmers commercially. The Eastern Cape Province has more of communal pig farmers and contributes only about 6% to the country's swine population commercially (DAFF, 2017) . The PCV2 and PMWS were first identified in 2001 at a well-managed commercial breeding facility in Gauteng Province. The assembled genome of the isolated PCV2 strain from the published case report was characterized and found to be PCV2a of very high homology with other PCV2a strains from North America and Asia, and it was later traced to the semen obtained from America for artificial insemination purposes (Drew et al., 2004) .
The full genome obtained was named PCV2a strain SA1 with an accession number AY325495, and it has since then remained the only PCV2 complete genome on GenBank from South Africa and the entire sub-Saharan Africa region (Afolabi, Iweriebor, Okoh, & Obi, 2017a) . Full genome amplification and characterization of PCV2 strains is important for better understanding of its genetic make-up and variability, which invariably enhances the epidemiology of its associated diseases in swine population and helps in inferring the most appropriate vaccination regime for its prevention and control.
Therefore, this present study is focused on full genome amplifica- | 413 months) with clinical symptoms of PMWS and other PCVAD including wasting, enlarged lymph nodes, respiratory disorder and dermatitis were used in this study. The samples were selected from the screened 339 archived field samples (blood, faecal and nasal swabs) that were obtained in the year 2015 and 2016 from six selected farms in Eastern Cape, South Africa (Afolabi, Iweriebor, Obi, & Okoh, 2017b) . They were previously used in a molecular epidemiological survey of some RNA and DNA viral swine pathogens in the region.
The total viral genomic DNA was extracted from the processed samples and the whole genome PCR amplification was done as earlier described (Afolabi et al., 2017b) with some modifications. Briefly, four overlapping primer pairs (Table 1) were used to carry out the PCR amplification of the complete PCV2 genomes according to and the optimized PCR conditions were as follows: 94°C for 5 min as initial denaturation, followed by 35 cycles that consists final denaturation step at 94°C for 30 s, annealing step at 50-57°C for 30 s and initial elongation at 72°C for 1 min. The amplification process ended with final elongation at 72°C for 5 min. Generated amplicons were subsequently analyzed by electrophoresis using 1.2% agarose gels stained with ethidium bromide, and amplified DNA were visualized in the stained gel using an Alliance 4.7 transilluminator. PCR products with clear target bands on visualized gel were selected for further sequencing.
| Nucleotide sequencing and assembly of sequenced PCV2 genomes
Post PCR clean-ups and Sanger sequencing of selected PCR products were done at a commercial DNA sequencing facility. Briefly, twoway sequencing reactions were conducted on the purified products using the Big Dye Terminator V 3.1 sequencing kit (Applied Biosystems, Foster City, CA, USA) in line with the instructions from the manufacturer; the reaction was run on 3,500 genetic Analyzers (Applied Biosystems, USA). Sequenced DNA segments were edited and aligned to generate consensus sequences which were subsequently subjected to De-novo assembly in Geneious 10.2.3 (Kearse et al., 2012) by using default settings. Blast search for homology was performed on the assembled genomes using BLASTN programme as implemented in Geneious 10.2.3 software (Kearse et al., 2012) .
| Nucleotide sequence analyses
In order to further characterize the sequenced and assembled PCV2 genomes, 42 complete genomes and capsid gene of reference sequences were retrieved from GenBank to constitute a data set of 57 each with the addition of sequences obtained from this study.
Multiple sequence alignment of the reference sequences and those that were obtained in this study was done using (http://mafft.cbrc.jp/alignment/server/) and aligned sequences were analyzed in Bioedit-v7.2.3 (Hall, 1999) . Phylogenetic analysis was done through the Neighbor-Joining (NJ) and Maximum Likelihood (ML) methods as implemented in MEGA6 (Tamura, Stecher, Peterson, Filipski, & Kumar, 2013) on the data sets. Reliability of the tree was done using the bootstrapping method calculated on 1,000 replicates of the alignment, and the Jukes-cantor parameter was employed as a nucleotide substitution model. Furthermore, a p-distance analysis of the sequences from this study and selected reference strains representing four genotypes of PCV2 as identified previously by phylogenetic analyses was calculated in MEGA 6 using Bootstrap variance estimation method of 1,000 replicates and the same nucleotide substitution model as earlier stated (Tamura et al., 2013) . Analyses were carried out at both levels of capsid gene and complete genomes of the PCV2 strains. was observed when partial PCV2 genomes were analyzed (Afolabi et al., 2017b) .
T A B L E 2 The features and origin of PCV2 complete genomes obtained and analyzed
Fifteen complete genomes of PCV2 were successfully sequenced and assembled in this study from 54 PCV2-positive archived samples obtained from six commercial and communal farms earlier described (Afolabi et al., 2017b) . Eleven out of the 15 sequences, belonging to Group 1 in this study, were identified as PCV2b through phylogenetic analysis. A very high nucleotide similarity was observed within them and with negligible divergence despite that they were obtained from different farms (Table 2) More interestingly, the genetic characterization performed on complete genomes and ORF2 gene of PCV2 sequences in this study showed that the three sequences in Group 3 are highly related to the mutant strains of PCV2b which now form PCV2d genotypes together with former strains belonging to PCV2b subtype 1c (Xiao et al., 2015) . The strains that were previously known as mPCV2b were first observed in cases of "vaccine escape" in America and Asia (Guo et al., 2012; Opriessnig et al., 2013; Xiao, Halbur, & Opriessnig, 2012) , but they are rapidly spreading globally (Xiao et al., 2015) . It is however noteworthy that there is no vaccination programme currently in place against PCV2 in Eastern Cape
Province and possibly in the entire South Africa. Hence, the PCV2d must have been transmitted newly into the country via an unknown route or could be linked to the first reported outbreak, since the detected sequences are having high homology with other reference sequences from the countries earlier stipulated (Drew et al., 2004) .
Though South Africa has good border control system, the country shares very long borders with six adjoining countries which could invariably increase the risk of transmitting transboundary infectious Notes. This was determined by using the Neighbour-joining method with 1000 bootstrap pseudo replication (implemented in Mega 6). Analyses involved capsid genes and complete genome sequences from this study and selected reference strains. SE: Standard Error; n: number of sequence.
diseases into the country (Penrith & Thomson, 2012) . It is therefore pertinent that a wholesome approach be taken by the various regulatory bodies in the country in curbing the transmission of exotic swine pathogens into the country. Alternatively, it may be presumed that other factors could be responsible for the evolution of the PCV2b mutant strain in this region other than the previously known vaccine
The alignment of the deduced capsid amino acid sequences of the PCV2 genomes obtained from this study and the previous strain SA1. The reference strain AY321987 (PCV2b) from France was used as a majority sequence. The black bars and arrows within the picture are showing the distinguishing motif sequences as stipulated by Cheung (2009) , while the black arrow at the bottom shows the lysine (K) extension at the C terminus of mPCV2b capsid protein (Guo et al., 2012) selection. The presumption will however requires further study and evaluation. According to Xiao et al. (2015) , some of the PCV2 strains presently falling within the intermediate clades may be antiquity of intermediate viral strains during the evolution of PCV2 or could represent unnatural recombinants which could be artefacts of sequence amplification process during PCR reaction using Taq polymerase as suggested by Martin, Lemey, and Posada (2011) . Nevertheless, according to Huynh et al. (2014) , recombination events are a usual occurrence in natural populations of PCV2 and observable changes in some important region such as the immuno-reactive sites of PCV2 capsid gene as identified by Trible et al. (2011) can result to alterations in the virulence of the PCV2 strains. Hence, the genetic implication of the observed features (in terms of virulence and otherwise) of the PCV2 sequence SA3-BC from this study, which is proposed to be a typical PCV2-IM2 strain, requires further critical study and evaluation, given the fact that it was found in pigs with no symptom of PCVAD.
In conclusion, the occurrence of PCV2 in the South African pigs is no more a tale but a mind boggling reality, and it calls for the urgent attention of every stakeholder within the agricultural sector and the government. This becomes imperative considering the economic value of piggery with its numerous potentials of providing cheaper animal protein for the vast South African population as well as serving as a means of livelihood for many people. This study reports the genetic characterization of first PCV2b, PCV2d and PCV2-IM2 complete genomes from South African pigs and sheds more light into the diversity of PCV2 strains that could currently be in circulation within the country. Hence, a country-wide vaccination regime should be adopted with immediate effect to control the pathogen and also to curb its wild spread. There is also a need for further major epidemiological surveys of other premises of South Africa to know the extent of the viral spread and have detailed information about the evolution and transmission of the viral pathogen within the country and the entire Southern African countries. At the same time, a more stringent quarantine regulations on imported live pigs in the country and in conjunction with other neighbouring countries become highly imperative in order to curtail the spread of the viral strains within the region. The authors would like to thank the Animal Health Officers in the districts for their technical assistance on the field.
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O R C I D
APPENDIX 1
Phylogenetic analysis based on (a) ORF2 genes and (b) complete genome sequences. The tree was drawn with 15 (▲) PCV2
sequences from this study and 42 reference sequences; including the previous strain SA1 (■) and one PCV1 strain as an out-group.
GenBank accession numbers and country of origin are indicated.
Maximum Likelihood method was used and Bootstrap values ≥80% are shown.
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